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The peptides were prepared using Fmoc-based solid 
phase peptide synthesis performed on an automated peptide 
synthesizer.  The peptides were then purified by reversed-
phase HPLC, desalted and subsequently dissolved in a HCl 




2D IR Spectroscopy 
To perform these experiments samples for FTIR and 2D 
IR spectroscopic measurements were first dissolved in D2O 
and lyophilized in order to exchange the acidic hydrogen’s of 
the peptide for deuterium.  The resulting dry deuterated 
peptide was then dissolved in a pH = 1.0 DCl in D2O solution 
at a concentration of 18.2 mg/ml.  No aggregation was 
observed in the 2D IR spectra at this concentration, in addition 
for the Val peptide no spectral changes were observed over a 
range of 10 to 50 mg/ml.  Next the sample was then placed 
between two 1mm thick CaF2 windows separated by a 50µm 
Teflon spacer creating a ~25 µL sample volume.  The FTIR 
spectra were collected on a dry air purged Nicolet 380 FTIR 
spectrometer at a spectral resolution of 2.0 cm
-1
 and averaged 
for 64 one-second scans.  The 2D IR spectra were collected as 
described previously  using 100 fs broad band mid-infrared 
pulses and a ZZZZ polarization geometry
3
.  This data was 
collected using a waiting time of τ2 = 150 fs and a τ1 evolution 
time that was scanned to 3.1 ps for the rephasing spectrum and 
2.5 ps for the non-rephasing spectrum in 4 fs time steps.  All 
experiments were performed at pH = 1.0 in order to eliminate 
the –COO
-
 stretch at 1590 cm
-1 
by deuterating the C-terminus 
creating the –COOD stretching vibration at 1722 cm
-1
.  In the 
case of figure S10 the 2D IR data was collected in a ZZYY 
polarization geometry at both pH = 1.0 and 7.0 for reference 




Local site energies as well as FTIR and 2D IR spectra 
were simulated for conformers obtained from molecular 
dynamics trajectories using a structure-based spectroscopic 
model.  Eleven initial configurations have been extracted from 
a 200 nanosecond trajectory using the OPLS force field at 300 
K (see Ref. 5 for technical details). The selected structures are 
representative of the main structural and dynamical motifs as 
found in extensive simulations carried out over a wide range 
of temperatures
4-7
. They contain representative structures with 
and without internal peptide-peptide hydrogen bonds in the 
extended and collapsed state. Those with internal hydrogen 
bonds provide distinct samples for different hydrogen bonding 
patterns close to the turn which dominate the hydrogen 
bonded stabilized structures in the trans-proline simulations
5,6
.  
This choice of initial conformations enables us to carry out 
rather short simulations compared to the relaxation times of 
the peptide which is on the order of nanoseconds
4,5
 focusing 
on the local and short relaxations (picosecond time scale) 
which are probed in the IR experiment.  These eleven 
configurations were then mutated to obtain the initial 
configurations of Ala and Gly.  Next, MD simulations in NVT 
ensembles at 300 K were performed on these conformers 
using Gromacs-4.0.7 and an all atoms OPLS force field for the 
peptide which was solvated in a box of TIP3P water
4-6
. D2O 
was used to reproduce the experimental conditions and all 
acidic protons of the peptides were deuterated. These 
simulations were carried out with 2 fs time steps and the 
LINCS algorithm was used to constrain all bond lengths
7
. For 
temperature coupling the Nose-Hoover thermostat was used
8,9
. 
The reaction field method was used to treat the long range 
electrostatic interactions with a cutoff of 1.4 nm. The length of 
each trajectory was 2.5 ns, where snapshots were saved every 





Hydrogen bond criteria 
A peptide-peptide hydrogen bond was defined as having 
an OpeptideNpeptide—Dpeptide angle ≤ 30° and a OpeptideNpeptide 
distance ≤3.5Å and a peptide-water hydrogen bond was 
defined as having an OpeptideOwater—Dwater angle ≤30° and a 
OpeptideOwater distance ≤ 3.5Å. 
 
Binning of peptide structures 
The hydrogen bonding criteria were used to define the 
structural bins for all peptides. The structural bins are 
categorized based on whether the carbonyl oxygen of the 
proline amide unit forms hydrogen bonds with the amide 
hydrogen (HBpeptide) or with the hydrogen of the solvent 
(HBsolvent). This definition created six structural bins (2/0, 1/0, 
0/0, 0/1, 0/2 and 1/1) where the first and the second index 
represent the number of HBpeptide and HBsolvent, respectively.  




A vibrational Hamiltonian was constructed for every 
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Here the summations run over the amide I sites in the peptide 
where for any amide site  ,   
 
 and    are the Bosonic creation 
and annihilation operators for the amide I vibration,  
  ( ) is the frequency,   ( ) is the anharmonicity,    ( ) is the 
coupling between the     and     site,  ( ) is the applied laser 
field and    is the transition dipole.   
 
Amide I site frequencies (  ) for secondary amide groups 
were calculated with a Stark effect based approach using the 
electric field and its gradient on the C, O, N and D atoms
11
.  
For the proline amide unit the field components were 
considered on the C, O, N and Cδ atoms
12
.  Next, frequency 
shifts and couplings due to through bond effects with 
neighboring amide units were determined using 
Ramachandran angle based look up tables
12,13
.  The non-
nearest-neighbor couplings were then calculated using a 
transition charge coupling scheme
12,13
. Finally the 
anharmonicity needed for describing doubly excited states was 
set to a value of 16 cm
-1
 for all amide units
10. We made a 14 
cm
-1
 systematic red-shift of the frequencies of all amide units 
except proline, because the frequency maps developed for the 





The FTIR and 2D IR spectra were calculated by solving 
the time dependent Schrödinger equation.  This was 
accomplished using a numerical integration of the Schrodinger 
equation scheme
14
.  For this scheme the Hamiltonian was 
considered to be constant for the 10 fs time intervals between 
successive saved structures of a MD trajectory.  This 
approximation reduces the problem to solving the time 
independent Schrodinger equation for each time step in a 
trajectory and then using these time ordered matrices to obtain 
the linear and nonlinear response functions from which the 
FTIR and  2D IR spectra are calculated. An ad hoc vibrational 
life time (1 ps) was used in the spectral simulations
15
. The 
total time interval for calculating a sample for an FTIR 
spectrum was 2.5 ps and for a 2D IR spectrum it was 5 ps 
(1=2.5 ps, 2=0 ps, 3=2.5 ps, where 1, 2, and 3 are the time 
delays between the pulses). For obtaining a spectrum of a 
particular bin we checked for every sample whether the bin 
was found in the middle of next 5 ps used for the spectral 






















Figure (S1) - (Top row) Experimental 2DIR data, (Bottom row) - Fitted spectra, generated by  fitting the experimental data over the 
frequency range 1575 to 1650 cm-1 with the simulated spectra for all six peptide bins using a genetic algorithm containing a least squares 
fitness function and no additional constraints.  Since the amide I band maximum is located at ~1645cm-1 this fit range allowed for fitting 
both the proline peak shift and its intensity relative to the main amide band.  Listed to the right of each surface is the population of 
individual HB bin’s predicted from the fitting routine.  Contours for all 2D IR surfaces presented in this paper are plotted from -1.0 to 1.0 













Table (S1) – Bin populations calculated from a 200 ns MD trajectory, 27.5 ns MD trajectory, and the 2D IR experimental surface fitting 







Figure (S2) – Comparison of the experimental spectrum for the Val peptide to simulated spectra using the bin populations generated for 


















Figure (S4) – Comparison of experimental and simulated FTIR spectra for the Gly, Ala and Val peptides in the six hydrogen bond bins.  




















Figure (S5) - Ramachandran plots for the four central turn residues (X5P6G7V8) for the 1/0 and 2/0 hydrogen bond bins. Each plot was 
generated by culling structures based on hydrogen bonding criteria from 22 nsec of MD simulations for each of the three peptides 
GVGVPGVG, GVGAPGVG, and GVGGPGVG. Culling was performed using the g_hbond utility implemented in GROMACS 4.5 using 
an acceptor--donor--H cutoff angle of 30o and a donor-acceptor cutoff distance of 3.5 Å. Ramachandran angles were likewise extracted 








Figure (S6) - The images above show representative structures from the 1/0 and 2/0 hydrogen bonding bins selected from the Val MD 
trajectories used in this work. Hydrogen bonds are labeled for a single selected structure which is fully represented, with an ensemble of 









Figure (S7) - Average frequency of the simulated proline peak maximum for the 0/0, 1/0 and 2/0 bins.  The linear fit to this data produced 
an equation relating the frequency of the proline peak and the number of peptide-to-proline hydrogen bonds:  p(cm





Figure (S8) - Average frequency of the simulated proline peak maximum for all six bins plotted as a function of the total number of 
peptide and water hydrogen bonds to proline.  The linear fit to this data produced an equation relating the frequency of the proline peak and 
the total number of hydrogen bonds to proline:  p(cm








Figure (S9) – Val peptide 2D IR collected in ZZYY polarization at T = 10°C in a (Left) pH = 1.0, DCl in D2O solution using τ2 = 150 fs, 
and in a (Right) pH = 7.0, 50 mmol phosphate buffer solution using τ2 = 0 fs.  Changing the solvent conditions produces the appearance of 
on-diagonal broadening for the proline peak, a blue-shift of the main amide I band, and a reduction in the off-diagonal line width.  The 
change in the appearance of the proline peak results from the generation of the COO moiety upon changing the pH, creating a peak at 1590 
cm-1  from the COO asymmetric stretch.  The blue shift of the main amide I band and the reduction in the off-diagonal line width observed 
at pH = 7 are likely due to the addition of buffer salts which produces a similar effect in pH = 1.0 samples. 
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